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PI 3-kinase [1–4]. PX domains are found in subunits of
the phagocyte NADPH oxidase, yeast vacuolar and bud
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The p47phox PX Domain:
Two Heads Are Better Than One! emergence proteins, mammalian sorting nexins, protein
and lipid kinases, RGS proteins, and phospholi-
pases. All PX domains in yeast, and most, but not all,
PX domains in mammalian cells, bind specifically toThe recent X-ray structure of the PX domain of
PtdIns(3)P [5].p47phox, a critical subunit of the NADPH oxidase, un-
The general architecture of PX domains, a three-expectedly revealed the presence of two distinct lipid
stranded antiparallel  sheet with a four--helical sub-binding pockets within this single modular domain.
domain, emerged from structures of two PX domainsThis unusual feature allows the p47phox PX domain
from different protein subunits of the NADPH oxi-to integrate signal transduction events emerging from
dase—an NMR structure of the unliganded PX domaintwo different lipid signaling pathways.
from p47phox [6], and an X-ray structure of the PX do-
main of p40phox bound to PtdIns(3)P [7]. The new 2 A˚Modular protein domains often coordinate intracellular
X-ray structure reported by Karathanassis et al. (2002)signaling events by binding to the phospholipid or phos-
shows the p47phox PX domain complexed to two sulfatephopeptide products of lipid and protein kinase signal-
ions from the crystallization mother liquor (see first Fig-ing cascades. These binding domains act as molecular
ure). Intriguingly, these sulfate ions define two distincteffectors to transmute the signaling “syntax” of phos-
binding pockets for different phospholipid head groups.phate into discrete, well-defined changes in cellular
One sulfate sits within a conserved basic pocket presentfunction. Every phospholipid and phosphopeptide bind-
in all PX domains, and its position mimics that of theing domain that has been characterized to date, how-
3-phosphate of PtdIns(3)P complexed to the PX domainever, binds to an individual ligand through a single bind-
of p40phox (see first Figure). In the case of the p47phoxing pocket. A recent paper by Cho, Williams, and
PX domain, however, this pocket is optimized for bind-colleagues, however, significantly alters this “funda-
ing to PtdIns(3,4)P2 [1], with a kD of 38 nM [8], rathermental” and simplistic picture. In an upcoming paper in
than PtdIns(3)P. The other sulfate ion sits in a secondEMBO J., these authors show that the PX domain from
pocket that is found in only a few PX domains, and itsthe p47phox subunit of the NADPH oxidase binds simul-
shallow nature (see first Figure) suggests that the naturaltaneously and cooperatively to the head groups of two
ligand is likely to be a phospholipid with a small headdistinct phospholipids: phosphatidylinositol 3,4-bis-
group such as phosphatidic acid [9].phosphate and phosphatidic acid.
By measuring lipid binding using surface plasmon res-PX domains are a recently characterized family of
onance and liposome sedimentation to a series of de-phospholipid binding domains that specifically bind to
the phosphoinositide products of the ubiquitous enzyme fined point mutations suggested by their X-ray structure,
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Karathanassis et al. verify that the first sulfate binding
pocket corresponds to the binding site for PtdIns(3,4)P2,
while the second pocket binds strongly to phosphatidic
acid (PA) or to high concentrations of phosphatidylser-
ine. Furthermore, each lipid binding site functions inde-
pendently but cooperatively. Low concentrations of PA,
for example, were found to increase the binding of the
p47phox PX domain to PtdIns(3,4)P2-containing mem-
branes by 63-fold! As expected, point mutations in one
or the other binding pocket resulted in loss of binding
to one lipid but not the other. In each case, however,
single point mutations in either pocket dramatically re-
duced the cooperative binding to membranes con-
taining both PA and PtdIns(3,4)P2, verifying that both
pockets bind simultaneously and synergistically to their
lipid ligands.
This paper is significant for a number of reasons. To
begin with, it is the first example of a phospholipid or
phosphopeptide binding module that interacts simulta-
neously with two distinct phosphorylated products. Sec-
ond, it rationalizes previous observations that the
p47phox PX domain showed specificity for PI(3,4)P2 but
was also observed to bind to phosphatidic acid (L.
McPhail, personal communication). Finally, it signifi-
cantly expands our general understanding of the molec-
ular mechanisms through which phospholipid or phos-
phopeptide binding modules integrate distinct spatial
and temporal signals into a single all-or-none response,
in this case suggesting a novel mechanism in which
two distinct lipid kinase signaling pathways converge
to regulate NADPH oxidase activation
Recent data from Tyers, Pawson, and colleagues on
another modular phospho binding domain, the phos-
Lipid Binding Surfaces of PX Domainsphopeptide binding WD40 repeat of the F box protein
The molecular surfaces of the PX domains of p47phox [8] andCdc4, suggested that this domain recognized multiple
p40phox [7], colored by electrostatic potential, are shown in thesuboptimal phosphoserine motifs in its natural ligand,
same orientation, corresponding to the view facing the domain from
the cyclin-dependent kinase inhibitor Sic1 [10]. Because the membrane surface. The two bound sulfates in the p47phox PX
a single site in the Cdc4 WD40 repeat domain binds to domain X-ray structure (upper panel), denoting the PtdIns(3,4)P2
multiple weak phospho-dependent binding motifs and PA binding pockets, are shown in stick representation, and are
separated from each other by a ridge which presumably functions aswithin one protein ligand, it serves as a “coincidence
a membrane insertion loop. The corresponding phosphatidylinositolcounter” to integrate kinase signaling events in time—
binding pocket in the p40phox PX domain (lower panel) is occupiedenough weak WD40 binding sites on Sic1 have to simul-
by PtdIns(3)P (stick representation) in that cocrystal structure. Note
taneously exist in the phosphorylated state in order for the distinct absence of a second lipid binding pocket in the p40phox
Cdc4 to trigger Sic1 degradation and drive cell cycle PX domain surface.
progression. For p47phox, two separate but relatively
weak sites in the PX domain optimized for binding to
compared with the free p47phox PX domain in isolation.different lipids serve as a “coincidence counter” in
That is, in the full-length p47phox protein, the lipid bind-space—both phospholipids have to be present to maxi-
ing ability of the PX domain appears to be masked bymally trigger binding of the p47phox PX domain to the
an intramolecular interaction that involves the secondmembrane.
of its two SH3 domains (see second Figure) [6, 8]. Mutat-For NADPH oxidase function within phagocytic cells
ing five of the C-terminal serines to glutamates, whichin vivo, the situation is even more complex. Transloca-
mimics phosphorylation of p47phox by PKCs, disruptstion of p47phox to cell membranes delivers another cy-
this intramolecular interaction and allows the PX domaintosolic protein, p67phox, to a membrane-bound cyto-
to engage PtdIns(3,4)P2 and PA. Thus, for the NADPHchrome to form an active NADPH oxidase enzyme. This
oxidase, we have a situation where a lipid-regulatedmembrane localization process requires that p47phox
protein kinase pathway (i.e., PKC) primes binding of theundergo phosphorylation on multiple serine residues
PX domain to products of two lipid kinase signalingwithin its C-terminal tail. Much of this phosphorylation
pathways, that of PI 3-kinase and phospholipase D. Byis mediated by members of the PKC family, a set of
requiring p47phox to function as a master integratorenzymes that are themselves activated by lipid signaling
of both lipid kinase and protein kinase signals prior tocascades. Karathanassis et al. show that, in the context
movement to cell membranes, phagocytes ensure thatof the full-length protein, the PX domain of p47phox
has a significantly reduced affinity for phospholipids production of toxic superoxide is tightly controlled in
Structure
1290
PH domains, FYVE domains, ENTH domains, C2 do-
mains, Tubby domains, and PX domains, and the list
continues to grow. The unexpected finding by Karatha-
nassis et al. that at least one member of a phospholipid
binding family can simultaneously engage two lipid head
groups suggests that additional surprises are likely to
emerge as each of these domain families is investigated
in detail. Whether the PX domain of p47phox is the only
double header of the season remains to be seen.
Michael B. Yaffe
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Recognition of Acetylated
Proteins: Lessons from an say that studies of histone acetylation have brought
Ancient Family of Enzymes chromatin to the fore of the transcription field. Thanks
to chromatin researchers, we now know a great amount
about various enzymes that acetylate and deacetylate
lysine residues [1, 2]. Most of these enzymes seem to
The structure of a Sir2-like enzyme in complex with have functions that are restricted to chromatin modifica-
an acetylated peptide substrate has been solved, and tion and transcriptional control in eukaryotes. Recently,
provides the first glimpse into the mechanism of sub- however, much attention has been focused on a new
strate recognition by this highly conserved family of class of deacetylase enzymes: the Sir2 family. These
enzymes. enzymes promise to give protein acetylation a much
broader appeal.
Proteins related to Sir2 have also been called sirtuinsPosttranslational modification of proteins by acetylation
or class III histone deacetylases. However, it has be-on lysine residues has been intensely studied over the
past 10 years. Much of this work has been focused on come increasingly clear that many of these enzymes
